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Microwave plasma splitting of biogas to solid carbon forms is a promising technique to produce large
quantities of sustainable carbon based nano materials. Well deﬁned graphitic nano carbons have been
produced exhibiting graphene multilayers in turbostratic packing. After heat treatment, the puriﬁed
material has been used to formulate stable, aqueous dispersions. These dispersions are used directly as
inks, allowing the preparation of conductive membranes with remarkable resistivity. Nano carbons
derived by plasma processes constitute a promising alternative to carbon black because they can be
prepared from renewable sources of methane or natural gas, are calibrated in size, exhibit high con-
ductivity, and have promising perspectives for chemical and material science purposes.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The element carbon, with its rich family of allotropes, lately also
on the nanometer scale, has attracted a broad interest resulting in a
remarkable number of publications and patents [1]. In particular,
the promising and extraordinary properties of graphene have
triggered extensive research in various ﬁelds of science as well as
economic and industrial interest in recent years [2,3]. Carbon black
on the other hand is an essential, industry relevant product [4],
which is ubiquitous in countless applications such as reinforcing
ﬁller for tires and other rubber goods, as a pigment for printing
inks, coatings, conductive inks, plastics, etc. Depending on the
application, different grades, qualities and grain sizes are available
[5,6]. However, in the uttermost cases the chemical structure is
inhomogeneous [7], not only in respect to the sp2 to sp3 carbon
ratio but also in terms of heteroatom content [8,9]. These carbons
are produced primarily by a feedstock from the petrochemicalPaul Pascal (CRPP), UPR 8641,
enicaud@crpp-bordeaux.cnrs.
r Ltd. This is an open access articlindustry. One important, modern challenge is the sustainable
production of chemical products that does not rely only on petro-
chemical sources. Renewable methane, generated by anaerobic
digestion of food waste fulﬁlls that purpose. The as-produced
biogas is nowadays mainly used for energy production. However,
it is also a renewable source of hydrogen [10] and simultaneously
an interesting feedstock for the production of sustainable graphitic
nano carbons. By utilizing plasma processes, a variety of different
carbon allotropes can be produced from hydrocarbons, such as
fullerenes, carbon nanotubes and small graphitic nano carbons
[11e14]. Depending on the type of feed gas, the presence of addi-
tives such as CO2 or carrier gases e.g. helium, and the exact gas
compositions, the yield of the generated carbon, the selectivity of
the process, and the power consumption can be ﬁne - tuned
[15e17].
In this article, nanocarbons produced by a cold microwave
plasma have been used to produce inks and conductive coatings. A
detailed characterization of the starting materials and the inks has
been performed. The carbon nanoparticles are composed of nano
graphitic sheets, exhibiting 20e30 graphene layers and a lateral
size of 30e80 nm. Membranes prepared with the corresponding
inks show resistivities as low as 1 U cm, i.e. in the range of high
quality conductive grade carbon black. Therefore, generating large
quantities of sustainable graphitic nano carbons appears to bee under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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deﬁned chemical structure, the nano carbons described here can be
directly used to formulate conductive inks with superior conduc-
tive properties. Therefore, these materials ﬁt well between gra-
phene and carbon black and constitute a promising and exciting
alternative to established carbon blacks due to their well-deﬁned
nature, conductivity performances, and sustainability.
2. Experimental section
2.1. Material synthesis and heat treatment procedure
Five different nano carbon samples under study have been
produced by FGV Cambridge Nanosystems using biogas reactor
microwave plasma technology to cleave a methane/CO2 mix (cf
Table 1) into graphitic carbon and hydrogen. The power supply was
kept constant at 6 kW. The ﬂux of the feed gas into the biogas
plasma reactor was kept constant at 20 l/min. The solid carbon
products have been collected after 20 min of reaction time.
The puriﬁcation of the nanocarbons was achieved by using
controlled heat treatment, after taking into consideration the
thermogravimetric analysis (TGA) results and adjusting the pa-
rameters. The heat treatment was conducted in a Nabertherm oven
under air atmosphere with a heating slope of 5 C/min until 500 C.
After a 6 h plateau, the oven was cooled at a rate of 5 C/min down
to 30 C. The ﬁve heat treated nano carbons are accordingly called,
NCHT0 - NCHT4.
2.2. Physicochemical characterization
Raman spectroscopy. Raman spectroscopic characterization was
carried out on a Horiba Jobin Yvon Xplora microscope equipped
with a cooled Andor CCD detector; excitation wavelength: 532 nm,
calibration on SiO2, laser spot size of ~1 mm, 1200 lines per mm
grating, objective Olympus 50 LWD. Raman mappings were per-
formed with a motorized x-y mm scanning table. 1681 individual
spectra were recorded on each sample. Calculations were per-
formed using LabSpec6 and Origin 9.2.
X-ray diffraction (XRD). XRD patterns were collected on a PAN-
alitycal X'pert MPD-PRO Bragg-Brentano q-q geometry diffrac-
tometer equipped with a secondary monochromator over an
angular range of 2q ¼ 8e80. Each acquisition lasted for 2 h and
5 min. The Cu-Ka radiation was generated at 45 KV and 40 mA
(l ¼ 0.15418 nm). The samples were put on silicon wafer (“zero
background”) sample holder and ﬂattened with a piece of glass.
Thermogravimetric characterization (TGA). Thermogravimetric
characterizationwas performed on a Setaram instrument equipped
with a 2 balance setup for equilibration. About 10 mg of nano
carbon samplewas weighed in a Pt-crucible. Themeasurement was
performed under air.
Atomic force microscope (AFM). AFM images in ambient air were
acquired using a Nanoscope III microscope operated in tapping
mode using 8 nm radius tips MPP-111000.
Scanning tunneling microscope (STM). Ambient STM images were
recorded on Nanoscope III microscope operated in STMmode usingTable 1
Synthesis condition and yields of the different graphitic nano carbons (NC) produced
by the splitting of methane/CO2 mix. The CO2 concentrations have been varied from
0.0 vol% to 7.4 vol% in the feed gas into the 6 kW biogas plasma reactor to generate
ﬁve different samples (0e4).
NC0 NC1 NC2 NC3 NC4
CO2 (vol%) 0.0 0.4 1.7 4.9 7.4
Yield of carbon (g) 120 40.8 33.9 22.1 8.9freshly cut platinum/iridium wire (Pt 80/Ir 20, 0.25 mm diameter).
2.3. Formulation of the dispersion
The aqueous dispersions of the heat treated nano carbons
(NCHT0 - NCHT4) were obtained with an optimized surfactant con-
centration and the aid of tip sonication. Typically, 320 mg of NCHT,
50 mg of bile salt and 9.63 mL of H2O were mixed and sonicated
with a Branson Digital Soniﬁer tip sonicator for 30 min applying
total energy E ¼ 14.4 kJ in interval mode (pulse on: 0.5 s, pulse off:
0.2 s). Afterwards, the raw dispersion was centrifuged 20 min at
4000 rpmwith a Fisher Bioblock Scientiﬁc centrifuge to remove the
largest particles and aggregates. The ﬁnal concentration of NCHT is
17 mg mL1 (1.7 wt% NCHT) with 5 mg mL1 (0.5 wt%) bile salt
veriﬁed after weighing the freeze dried powder (yield 53%). The
dispersions were used for the preparation of conductive ﬁlms,
optical measurements and AFM, STM measurements.
2.4. Resistivity measurements
The surface resistivity of nano carbon ﬁlms was measured by a
home-made four-point probe setup. Nano carbon ﬁlms were ob-
tained by the ﬁltration of the dispersions on a membrane and
drying under vacuum. Films were patterned by four gold contacts
through a mask before resistivity measurement. The ﬁlm thickness
was measured by SEM (see Figs. S18 and S19, supporting infor-
mation (ESI)). The measured IeV curves can be found in Fig. S20.
The range of the resistivity measurements is between 0.01 mA up
to10 mA.
3. Results
The nano sized graphitic carbons were produced by the cracking
of methane/CO2 mix in carbon and hydrogen. The as produced ﬁve
carbon samples were studied by thermal gravimetric analysis (TGA)
from 20 to 750 C under air (Fig. 1).
Three different areas of mass loss can be seen in the respective
graph. Between 20 and 280 C no mass losses are detectable. The
ﬁrst mass loss occurs between 280 and 500 C with respective
values of 5e11%. The highest mass loss is found for sample NC4 andFig. 1. TGA measurements under air between 20 and 750 C. 3 different regions can be
attributed that exhibit different mass losses. (A colour version of this ﬁgure can be
viewed online.)
F. Hof et al. / Carbon 111 (2017) 142e149144the least one in sample NC1. In the second region, between 500 and
600 C, roughly the same mass losses as mentioned above can be
measured, doubling the total mass losses of the samples to 10e24%.
The different samples are showing the same trend as in the ﬁrst
region. Beyond 600 C, the samples are completely burned result-
ing in the complete loss of every sample. The ash contents of the
samples were determined and the values are generally very low in
the margin of less than 0.5 wt% (see also Table ST1, supporting in-
formation (ESI)).3.1. Puriﬁcation of the nano carbons
From the TGA measurements, a heat treatment procedure was
designed to purify the materials. About 2 g of each nano carbon
sample (NC) was annealed at 500 C for 6 h (details see experi-
mental section and ESI). The resulting weight losses of the purifying
process were in agreement with the data gathered by TGA mea-
surements exhibiting between 12 and 24% of weight losses for the
ﬁve samples. The heat treated (HT) samples are named NCHT0 up to
NCHT4.3.2. Solid material analysis
XRD studies have been performed to study the content of
crystalline parts of the ﬁve carbon samples before (NC0 - NC 4) and
the ﬁve different carbon samples after heat treatment (NCHT0 -
NCHT4). The spectra after heat treatment are presented in Fig. 2,
showing 3 different peaks at 2q of ca 25.8, 43, and 54. The
respective spectra of the samples before heat treatment were
virtually identical.
The peaks at ca 25.8 can be assigned to the (002) peak of
graphite [18], which are rather broad with a FWHM of more than
1.6, typically observed for nano sized graphitic carbons [19,20]. By
using these FWHM values and applying the Scherrer equation, the
crystalline sizes of the nano graphitic carbon have been found to be
about 10 nm (Table ST2). The interplane distance is 0.345 nm,
which is characteristic of turbostratic graphite [21]. The mentioned
values of the mean crystalline sizes correspond to the stacking in
the (002) plane, which allows the estimation of the number of
carbon layers in the samples. Thus, values of about 30 layers of
graphene can be determined, that are turbostratically stacked, i.e.
there is no positional correlation between the layers. The peak atFig. 2. XRD data of the ﬁve heat treated nano carbon samples. (A colour version of this
ﬁgure can be viewed online.)around 43 can be assigned to a convolution of the (100) and (101)
peaks [18,22], allowing the determination of the in-plane domain
size. The values are depicted in Table ST2 and are about 10 nm for
the different NC. The XRD data of the non-puriﬁed material (Fig. S1
and Table ST2) exhibit practically identical values.
Raman spectroscopy has turned in recent years to be one of the
most utilized technique to determine the quality of graphite as well
as graphene [23e25]. Most important modes are the D, G and 2D
mode [26]. The ratio between the area of the D and the G mode
provides information about the sp3 to sp2 carbon ratio. Due to the
inhomogeneity of these carbon materials, statistical methods need
to be applied in order to retrieve a comprehensive picture about the
sample composition [27,28]. In this study, 1681 individual Raman
spectra were recorded for each sample and in each spectrum the D
and the G-mode were ﬁtted by a Lorenzian function using Lab-
Spec6. The resulting histograms of the heat treated samples are
plotted in Fig. 3.
As can be clearly seen, the ratios of A(D/G) values of all carbon
samples exhibit Gaussian distributions with values in the range of
0.5e0.7 ± 0.1 to 0.6e0.8 ± 0.1. Likewise, G-mode line widths also
follow Gaussian statistics with mean values of 39 cm1 up to
56 cm1 (Fig. 4).
The statistically derived values of 39e56 cm1 in comparison to
the ones published by Ferrari et al. [29,30] and Cançado et al. [31]
indicate that the crystalline domains of these carbon samples are
in the region between 5 and 20 nm. Additional Raman data can be
found in Figs. S2eS5. Ferrari et al. have classiﬁed disordered
graphitic carbons from the least disordered (stage I) to the most
disordered (stage III) with increasing amount of sp3 to sp2 carbon
atoms [29,30]. G-mode position, line width, and A(D/G) allow clas-
sifying the nano carbons under study as stage II. Within this range
an increase of order in the carbon lattice results in an increase of
the D-mode, contrary to what is observed for less disordered
graphitic materials [31]. G-line width decreases with ordering.
From the insets of Figs. 3 and 4, it can be seen that the heat treated
samples are more crystalline than the raw materials (higher A(D/G)
and lower G mode width).
By means of XPS measurements (Figs. S6eS8) elementFig. 3. Statistical Raman spectroscopy integrated intensities A(D/G) value of the 5 nano
graphite samples measured at 532 nm excitation wavelength. Inset: Raman mean
spectra of the different samples (NC) after heat treatment. (A colour version of this
ﬁgure can be viewed online.)
Fig. 4. Width of the G-mode extracted on a statistical basis of the respective samples
after heat treatment. Raman spectra were measured at 532 nm excitation wavelength.
(A colour version of this ﬁgure can be viewed online.)
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mined. Peaks for carbon and oxygen can be found for each sample
at 285 eV and 533 eV, respectively. The shape of the carbon peaks is
rather broad and exhibit a broad tail. After heat treatment, the
carbon peaks are sharper than before treatment. In contrast, dif-
ferences in the tails of the samples before and after heat treatment
are negligible. The tail of the carbon peak can be assigned to carbon
that is bound to oxygen in different binding motifs. From XPS data
(Table ST3), the carbon content of the sample can be estimated at
more than 97%. As expected, the oxygen concentrations in the ﬁve
different samples are slightly increased after the heat treatment
procedure. By IR-spectroscopy (Fig. S9) the functional groups of
these samples can be further characterized. The most prominent
peaks are found at 2960-2840 cm1, 1574 cm1, 1368 cm1,
1062 cm1 and around 3400 cm1. The peaks that can be found at
3400 cm1, 1368 cm1, and 1062 cm1 can be attributed to COH, CO
and COC vibrations. Furthermore, vibrations with small intensities
between 2960 and 2840 cm1 can be found in the respective
spectra that can be attributed to alkylic CeH vibration. The rather
intense peak at 1574 cm1 ﬁts nicely to the aromatic C]C vibration
of the NC lattice. Further evidence of the presence of hetero atom
contents in these NC samples can be found by elemental analysis
(Table ST4).
The speciﬁc surface area is a critical value that provides infor-
mation about the accessibility of the carbon framework. Speciﬁc
area of samples NC0-4 were obtained by means of BET measure-
ments. They range between 141 m2/g and 196 m2/g (Table 2).
3.3. Dispersion of the puriﬁed nano carbons
To further evaluate the properties of these nano graphitic car-
bons the different heat treated carbon samples were dispersedwith
the aid of surfactant (bile salt) in water. By adjusting literatureTable 2
Surface area (BET method) of the different graphitic nano carbons.
NC1 NC2 NC3 NC4
BET (N2) m2/g 153 141 158 196procedures [32,33], optimized surfactant concentration of 0.5 wt%
(5 mg mL1) bile salt have been used. The dispersions obtained,
containing concentration of NC in aqueous up to ca 3.2 wt%. By ﬁne
tuning both sonication and centrifugation parameters, different
compositions of sample sizes could be generated. After sonication, a
centrifugation step of 2 min at 4000 rpm allowed generating a
majority compound (2/3) with particles of ca 60 nm lateral sizes
with 1/3 of other particles around 0.5 mm lateral size (see
Figs. S10eS12). With further centrifugation treatment (20 min/
4000 rpm), one size population was successfully isolated at around
60 nm (Figs. S10eS12).
The ﬁnal nano carbon concentrations were veriﬁed by freeze
drying of the ﬁve different NCHT dispersions. Bimodal (2 min
centrifugation) and monodisperse (20 min centrifugation) NC
concentrations are 2.4 wt% and 1.7 wt%, respectively. The loss of
material by centrifugation was 25% for the former and 47% for the
latter. In order to characterize the aqueous dispersions, absorption
spectra were taken in the UV/Vis region using a Unicam UV/Vis
spectrometer UV4 (Fig. 5).
All absorption spectra exhibit a peak in the UV region at 264 nm
except of NCHT4 which peak is found at 260 nm. This single ab-
sorption peak in the UV region is observed due to the linear
dispersion of Dirac electrons in nano graphitic carbon. The peak at
264 nm is due to the collective p-p* electronic transition of the
condensed aromatic rings in the graphene sheet [34].
Atomic force microscopy is the method of choice to evaluate the
size as well as the height of the carbon material in dispersion
(Fig. 6).
Thus, 20 ml of the as-centrifuged dispersionwere drop-casted on
a freshly cleaved mica substrate. The resulting AFM topography
image (Fig. 6a) of sample NCHT2 shows a very ﬂat surface bearing
homogenous nano-objects characterized by a height less than 3 nm
(see full sized cross section in the inset). Individual objects can be
clearly observed. Statistical analysis of the height distribution
(Fig. 6b) gives a mean height of 3 nm for the nano carbons. The
statistical analysis of the diameter distribution (Fig. 6c) shows a
lateral size of ca 40 nmwith a broad distribution from 30 to 80 nm.
Ambient STM experiment were also recorded for deposits from
NCHT2 dispersion on HOPG (Fig. 7a), showing several nano carbon
objects and a small region of aggregated objects but of similar form
and shape than the individual ones. Two cross sections were
plotted on several individual nano carbons (Fig. 7b and c). The sizeFig. 5. Absorption spectra in the UV/Vis region of the different carbon samples after
puriﬁcation treatment with centrifugation treatment 2 min/4000 rpm and 20 min/
4000 rpm. (A colour version of this ﬁgure can be viewed online.)
Fig. 6. (a) AFM topography image of deposits of nano carbon dispersion (NCHT2) on freshly cleaved mica surface. Cross sections of the topography image taken along the white line
are plotted in the inset. (b) Height distribution of nano carbons showing that the mean height of nano carbons is 3 nm. (c) Lateral size distribution of nano carbons showing that the
mean size of nano carbons is 40 nm. (A colour version of this ﬁgure can be viewed online.)
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0.4 to 1.6 nm. The AFM images of other carbon samples show sizes
between 10 and 40 nm and similar heights as NCHT2 (see AFM
images Figs. S13eS16).
TEMmicroscopic measurements were performed on each of the
ﬁve dispersions. Representative images of NCHT2 can be found in
Fig. 8, while the images of the other samples are presented in
Fig. S17.
In Fig. 8 a,b, lower magniﬁcation HR-TEM images of the sample
NCHT2 are presented. Here, the overall morphology of the aggre-
gated carbons in the sample can be seen. In the higher magniﬁca-
tion HR-TEM images Fig. 8 c,d the ordered domains within the
bigger aggregates become visible and their size can be studied. The
distance between the carbon layers can be determined and exhibits
values of ca 0.34 nm. The lateral distance of the ordered regions of
the sample exhibits values of about 10 nm.
3.4. Resistivity measurements
Resistivity measurements were performed on nano carbonsﬁlms prepared by ﬁltration of nano carbon dispersions on a
membrane, using a four probe measurement to give the sheet
resistance (see S18 andmaterial section). The ﬁlm thicknesses were
determined by means of SEM (see Fig. S19) providing the volume
resistivity. The measured resistivities are all in the range of
0.5e1.5 U cm, but for one sample. The underlying IeV curves can be
found in Fig. S20.
4. Discussion
Biogas derived from anaerobic digestion is an interesting feed-
stock for the production of sustainable, graphitic nano carbons. As a
model case, methane/CO2 mix have been used to produce the nano
carbons under study. The yield of the generated carbon is reversely
depended on the CO2 concentration during the biogas plasma
process. From the TGA data, two conclusions can be drawn: i) the
carbon lattice is stable under air up to 600 C, above that temper-
ature total burning of the carbon lattice occurs. ii) about 10e25% of
the total mass can be removed by thermal treatment between 20
and 500 C. Presumably, it is an amorphous part within the
Fig. 7. (a) Ambient STM image of deposits of nano carbon dispersion (NCHT2) on freshly cleaved HOPG surface. Several individual nano carbons and some nano carbon aggregations
(top) are clearly seen. (b, c) Cross sections taken along the white lines 1 and 2. (A colour version of this ﬁgure can be viewed online.)
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graphitic nature of these nano carbons. This argument is further
strengthened by XRD and Raman studies, as the graphitic nature of
the carbons can be probed. An increase in the respective statisti-
cally obtained A(D/G) values is observable after heat treatment. In
contrast to Raman spectra measured for pristine graphite or gra-
phene, where the rise of the A(D/G) mode can be correlated to an
increase of lattice defects, in these materials, an increased A(D/G)
value corresponds to a less defective material (stage II compounds)
[30]. The statistically determined mean widths of the G-modes of
the different carbon materials of 40e55 cm1 allow the estimation
of the size of the graphitic domains to ca 5e20 nm. The XRD data
presented in Fig. 2, show the presence of the (002) peak that can be
related to about 10 nm of crystalline domains along the c axis which
correspond to about 30 layers of turbostratically stacked graphene.
The XRD data of the heat treated samples do not exhibit a big dif-
ference compared to the untreated material. These ﬁndings are in
agreement with the successful removal of amorphous parts of the
sample as predominantly only the graphitic parts of each sample
are probed by this technique. The presence of amorphous partswithin these samples can be studied by means of XPS and IR
spectroscopy. From the position and the shape of the C peak in the
XPS measurements, it appears that the samples contain mainly sp2
hybridized carbons. However, a signiﬁcant amount of sp3 hybrid-
ized carbon is present (about 40%). This value is reduced to 25% by
heat treatment. Additionally, the presence of oxygen in several
different CeO binding motives can be anticipated. It can be argued
that the content of oxygen functional groups is very similar, before
and after heat treatment, showing that the heat treatment pre-
dominantly removes amorphous parts of the sample rather than
introducing defects in the graphitic layers. It has been shown by SLS
and UVeVis measurements that stable aqueous dispersions of
calibrated size can be generated. Two size populations of the dis-
persions were obtained, corresponding to 79% of the starting
dispersed material while monodispersed suspensions correspond
to 53% of the initial dispersed material. By means of SLS, TEM, AFM
and STM measurements the size of the dispersed objects can be
studied. The particles exhibit a lateral size in the range between 30
and 60 nm and heights of 0.4e3.0 nm. The graphitic domains have
been estimated at ca 5e20 nm. The defects can be attributed to
Fig. 8. Representative HR-TEM images of the nano carbon sample NCHT2, showing the general morphology of the samples at lower magniﬁcation a,b (scale bar 50 nm) and the
graphitic nature with higher magniﬁcation c,d (scale bar 10 and 2 nm) allowing the identiﬁcation of ordered domains within the samples.
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the ﬂakes sizes are in the same order of magnitude. Thus, it can be
argued that the carbon material derived by this biogas plasma
process produces well deﬁned, nano graphitic material. Therefore,
it is very reasonable that conductive membranes can be made upon
vacuum ﬁltration. The Resistivity of NCHT0 and NCHT3 have been
found to be about 1 U cm in the respective membranes. The actual
shape of the carbon objects inﬂuences the respective resistivity
dramatically, as have been shown by A. Celzard et al. [35]. Re-
sistivity for different carbon forms have been found to exhibitTable 3
Volume resistivity of nano carbon ﬁlms.
Sample Trial Thickness (mm) Sheet resistance (kU/sq)
NCHT0 1 19 0.90
2 22 1.24
3 31 0.53
NCHT1 1 8 1.00
2 31 0.36
3 49 0.15
NC HT2 1 15 0.21
2 15 0.32
3 18 0.22
NC HT3 1 10 1.65
2 41 0.34
3 46 0.21
NCHT4 1 12 42.0
2 31 6.00values of 0.02 U cm in membranes prepared from MWCNTs,
1.10U cm for carbon black, and 0.08U cm for graphite [36,37]. Thus,
it can be argued that the determined values are in the range of high
quality, conductivity grade carbon black (100e101U cm). Typically,
the resistivity can be improved by either applying compression to
the sample or by increasing the thickness of the sample. From
Table 3, it is apparent that sheet resistance as low as 220 U/sq can
be found for thicknesses even below 25 mm. This observation has
technological relevance, opening the way to conductive coatings,
electromagnetic shielding, and other conductivity relatedVolume resistivity (U.cm) Average volume resistivity (U.cm)
1.7 2
2.7
1.6
0.8 0.88
1.11
0.74
0.32 0.39
0.47
0.39
2.1 1.48
1.4
0.96
50 34.4
18.8
F. Hof et al. / Carbon 111 (2017) 142e149 149applications.
5. Conclusion
The cracking of amethane/CO2mix by biogasmicrowave plasma
yieldsmultilayered graphitic particles in turbostratic packingmotif.
The raw material can be puriﬁed by heat treatment. For the best
samples, ca 12% amorphous material is lost that way. The nano
carbons can be dispersed in water with surfactant by sonication. A
mild centrifugation step allows obtaining aggregate free mono-
disperse suspensions bearing about 50 wt% of the initial carbon
concentration. The size calibrated dispersion is made of particles of
ca 30e80 nm in lateral size and 3 nm in thickness. Raman spec-
troscopy on a statistical basis shows that edges and point defects
actually represent most if not all of the defects further underlining
the quality of these materials. These nano carbons exhibit advan-
tages to commercially available carbon black because they can be
produced from a sustainable feedstock (biogas produced by
anaerobic digestion). Aqueous inks with a narrow size distribution
have been formulated. These inks have been used to generate
conductive membranes that can be compared to ones made from
high quality, conductivity grade carbon blacks. Additionally, due to
the size of these graphitic nano carbons these are a very promising
alternative as conductive ﬁllers in polymers as well as for functional
materials.
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